In solid carbide end-mills, the flutes significantly affect the tool's cutting performance and life, and the core radius mainly affects the tool's rigidity. The current CNC programming techniques can correctly determine the orientation of the wheel so that it grinds the rake face with the specified rake angle; however, it cannot accurately determine the wheel location for the direct method and, consequently, the desired core radius is not guaranteed. To address this problem, a new CNC programming approach is proposed to accurately calculate the wheel orientation and location (WOL) in 5-axis grinding of the cylindrical end-mill flutes. In this work, a new concept of 5-axis CNC grinding-effective grinding edge (EGE)-is first proposed to represent the instantaneous grinding edge of the wheel, and the parametric equations of the effective grinding edge are formulated. The wheel orientation and location in 5-axis flute grinding are calculated automatically and accurately so that the rake angle of the rake face and the core radius are ensured. The new approach is verified with several examples in this work. Therefore, it can improve the end-mill quality and lays a good foundation for the computer-aided design/ computer-aided engineering/computer-aided manufacturing (CAD/CAE/CAM) of endmills.
Introduction
For an end-mill, its flute geometries substantially affect the tool rigidity and the cutting forces in machining. By definition, a flute includes a flute surface and a rake face along a helical side cutting edge; the two surfaces are next to each other. The rake angle of the rake face determines the cutting forces. The flute surface determines the core radius and the tool moment of inertia; it also provides space for chip evacuation. Thus, the flutes of a tool affect its cutting performance and life. Therefore, many researchers have conducted a large amount of work on flutes grinding of solid carbide end-mills in the past years; their research is normally classified into two categories: the direct and the inverse methods. In the direct method, a standard grinding-wheel is subjectively selected, the WOL is approximately calculated, and then it grinds the flute along the helical cutting edge to generate the rake face and the flute surface simultaneously. The flutes cut with this method can be modeled using the envelop theory [1] . This process can make the rake face with the specified rake angle; however, the desired core radius is not guaranteed, and the machining error can reduce the tool rigidity.
The inverse method is more complicated in computing the grinding-wheel profile with the following principle. In 2-axis flute grinding, the grinding-wheel and the end-mill axes are skew lines, and geometrically, at any WOL of the wheel path, the grindingwheel contacts the flute of the end-mill at a curve. Thus, this curve is obtained based on principle that is the normal vector of the flute surface or the rake face at any point on the curve should pass through the grinding-wheel axis. Tsai and Hsieh [2] developed an inverse method of finding a grinding-wheel profile for making ball end-mills. Similarly, Ren et al. [3] used the inverse method to calculate a special grinding-wheel profile and grind tapered fillet end-mills. Moreover, Chen et al. [4] generated the profile of a nonstandard grinding-wheel for making concave cone end-mills, and Wu and Chen [5] found the profile of a grinding-wheel for making cutters with a circular arc generatrix. Besides, several researchers [6] [7] [8] [9] [10] applied this principle to calculate the profiles of special grinding-wheels for making new types of end-mills.
Since the nonstandard grinding-wheels aforementioned can facilitate grinding a prespecified flute surface of an end-mill in a 2-axis path, the normal rake angle fluctuates along the cutting edge, which can cause different cutting forces along the end-mill axis, resulting vibration in machining (the helical angle of the machined flute is not precise). Besides, the profiles of the grinding-wheels are not presented with explicit equations. To address the problems, Chen and Bin [11] and Feng and Bin [12] proposed an approach. In the approach, the rake face is cut on a multi-axis grinding machine tool with standard grinding-wheels. Since simple standard grinding-wheels are used, more relative motions are required to ensure a constant normal rake angle along the cutting edge. Nevertheless, the approach is only used for rake face grinding, inappropriate for flute surface grinding. Moreover, it is only designed to use special grinding-wheel shapes (torus and spherical).
To eliminate the existent problems of making flutes of solid carbide end-mills using the direct method, our innovative work establishes a NC programming theory for 5-axis grinding of cylindrical end-mill flutes and constructs genuine geometric models of machined flutes, which are necessary for finite element analysis with high fidelity. In this work, first, the generic mathematical equations of grinding-wheel locations and orientations in 5-axis grinding of cylindrical end-mill flutes with standard profile grinding-wheels are derived as a new multi-axis CNC programming theory. Then, the new theory is applied to a cylindrical end-mill flute for its 5-axis grinding-wheel paths. Finally, the method is verified using grinding simulation.
Geometric Fundamentals of the Cylindrical End-Mill Flutes
A solid carbide end-mill mainly includes several geometric features, such as several helical flutes and the corresponding side and bottom cutting edges, the first and the second flank faces of each cutting edge, a gash (or a split) on the bottom, and the central core. In this work, a helical flute is defined with a flute surface and a rake face along the side cutting edge; the reason for defining a flute in such a way is that a flute is machined with a standard grinding-wheel along a specified path in the direct method. Since the flutes of a solid carbide end-mill are important to the tool performance and life, our research is focused on accurate machining of the flutes. Due to the complex shape of the flutes, they are often machined with the 5-axis CNC grinding; unfortunately, the CNC programming technique for 5-axis flute grinding has not fully established and the flute cannot be accurately machined. To develop an advanced programming approach, the basics of the flute geometry of a cylindrical end-mill are introduced in this section.
Parameters of the Flute Cross-Section Profile.
Theoretically, a solid carbide cylindrical end-mill can be first designed with a commercial CAD/CAM software system, and then it can be made on a 5-axis CNC grinding machine. This is called the inverse flute machining method. As an important feature of the tool, the flute is designed in a way that the flute cross-section profile is defined and swept along the helical side cutting edge. For the illustration purpose, a conventional design of the flute profile is provided and plotted in Fig. 1 . In this design, a tool coordinate system < T ¼: o; x; y; z ð Þ , in which the axes are denoted with small italic letters, is established in the following process: (a) the origin o is at the tool tip, (b) the z-axis is aligned with the tool axis and pointing inside the tool, and (c) the principle plane xoy ð Þ is perpendicular to the tool axis representing its cross sections, and the x-axis passes the first flute point on the cutting edge. This diagram shows a flute profile on the bottom of a four-flute end-mill and the tool and the core circles with the tool radius r T and the core radiusr C , respectively. In detail, the flute includes three segments: (1) line segment f 0 f 1 forms the rake face with radial rake angle a R , which is the angle between f 0 f 1 and the x-axis; (2) circular arc _ f 1 f 2 of radius r 1 is tangent to both f 0 f 1 and the core circle of radius r C ; (3) circular arc _ f 2 f 3 of radius r 2 is tangent to _ f 1 f 2 , and the two circular arcs form the flute surface. Besides, this diagram shows the two relief faces: line segment f 3 f 4 tangent to _ f 2 f 3 generates the secondary relief surface with relief angle c S , and line segment f 4 f 5 generates the primary relief surface with relief angle c P . For different end-mills, the flute profile can be varied. Unfortunately, the inverse flute machining method is not popular in industry.
To machine the flutes, compared to the aforementioned inverse method, the direct method is more popular in the tool manufacturing companies. In this method, a standard grinding-wheel is selected subjectively, and then the grinding-wheel moves along its path in the 5-axis CNC grinding. Since the key parameters of the flutes are the rake angle and the core radius, their accuracy should be ensured during machining. Regarding the flute shape, it is widely accepted that the flute shape is less important to the tool performance and life; thus, it is more flexible without any machining tolerance specified, and the actual shape is mainly dependent on the shape of the selected grinding-wheel. Therefore, the objective of this work is to establish a new CNC programming technique for the 5-axis flute grinding with a variety of standard grinding-wheels. More specifically, based on a selected grindingwheel, its orientation and location in the 5-axis grinding should be determined automatically and accurately so that the specified rake angle and the core radius are guaranteed. Due to the large flexibility of the flute shape, the way of grinding-wheel selection is not under investigation in this work.
Parametric Representation of the Side Cutting
Edge. As guides of the flutes, the side cutting edges of an endmill are crucial to the 5-axis flute grinding; by natural, they are the paths of wheel location in the 5-axis CNC program. In this work, the side cutting edges are defined with the parametric representation in the aforesaid tool coordinate system < T . Generally, each side cutting edge is a helix on the envelope of the tool, and all of them are evenly distributed around the tool axis. The tool envelope t is a revolving surface, and a longitude of this surface is here called a generatrix. Hence, as a mathematical model of the side cutting edge, the helix has a constant helical angle w at any point on the side cutting edge, which is the angle between the corresponding tangent vector of the cutting edge and the generatrix. To define the side cutting edge in the tool coordinate system, the end-mill envelope is represented with two parameters: the z Fig. 1 The plot of a basic flute profile of a four flute end-mill in the tool coordinate system coordinate and the rotation angle h about the z-axis. The parametric equation of the envelope is
where r z ð Þ is the radius of the corresponding circle on the plane with coordinate z. Figure 2 shows the envelope and the circle in the tool coordinate system. Based on Eq. (1), the first partial derivatives of the envelope t z; h ð Þ in terms of the parameters are derived as 
In this work, the differential 1-forms of the tangent vectors of the helical side cutting edge and the generatrix are denoted as dt and dt, respectively. They can be found with the following equations:
Thus, the relationship between the helical angle w and these two vectors can be formulated as
By substituting Eq. (3) into (4), the relationship between the differential 1-forms of the parameters, z and h, can be formulated as
By integrating both sides of Eq. (5), the explicit function of the parameter z h ð Þ in terms of h can be established. Thus, the parametric representation of the side cutting edge c is c h ð Þ ¼:
Therefore, the helical side cutting edge of a cylindrical end-mill of radius r T can be expressed as
2.3 Unit Normal Vector of the Rake Face. It is well-known that the rake angle of the rake face along the side cutting edge is a critical parameter that determines the cutting forces and the cutting temperature. For clarity, the rake angle is named more specifically, according to its position; the radial rake angle a R is the rake angle on a plane perpendicular to the tool axis (see Fig. 1 ), and the normal rake angle a n is on a plane perpendicular to the tangent vector of the side cutting edge (see Figs. 1 and 3 ). In industry, the rake angle often refers to the normal rake angle. To grind a flute with the specified (normal) rake angle, the grindingwheel should be properly oriented during machining. Hence, the wheel orientation should be accurately calculated in the 5-axis CNC programming.
According to the geometric model of the 5-axis fluting, a lateral face of the grinding-wheel should be aligned with the rake face, which means the normal vectors of the two faces are in-lined. Therefore, it is necessary to find out the unit normal vector of the rake face in the 5-axis CNC programming. To formulate this normal vector, we start with the definition of the normal rake angle. The following diagram, Fig. 3 , illustrates a normal rake angle at a point on the side cutting edge and the angle-related geometries. The procedure of defining the normal rake angle of a rake face at a cutting edge point p is (1) to construct a plane C perpendicular to the cutting edge; and (2) to construct a plane P perpendicular to the cutting velocity. Here, the plane C is perpendicular to the tangent vector s of the helical cutting edge c at the point p, and the plane P passes through the tool axis (or the z-axis) and the point p. The intersection between these planes is line i, and the intersection between the plane C and the rake face (not shown in Fig. 3 ) is line r. Thus, the angle between the lines i and r is the normal rake angle a n . Since the rake face is spanned by r and s, the normal of this face can be found as the cross product of r and s. Based on the definition of the normal rake angle, its equation can be formulated in the tool coordinate system < T . Suppose the coordinate of the point p is ½p x ; p y ; p z 0 in the tool coordinate system < T . According to the equation of the side cutting edge, its unit tangent vector s at the point p is
The plane C is perpendicular to s. When the tool self-rotates, the cutting speed v at the point p is normal to the tool axis and is tangent to the tool envelope. The plane P is perpendicular to the cutting speed v at the point p, which can be simply represented as
Since line i is the intersection of the planes, C and P, the line vector i can be found as the cross product of v and s. The equation of the line vector i is
To represent the line r in < T , a coordinate system < P at the point p is constructed with vectors s, w, and i, and the vector w is the cross-product of i and s. Based on Fig. 3 , the representation of w is
Since the normal rake angle a n is the angle between r and i, the line vector r can be easily represented in the coordinate system < P as 
According to the relationship between the two coordinate systems, < P and < T , the mapping matrix M
Therefore, the equation of vector r in < T can be found as
Finally, the unit normal vector n of the rake face can be expressed as
In the 5-axis flute grinding, the grinding face should be aligned with the rake face of the tool, therefore, the normal vector of the rake face is used to determine the grinding-wheel orientation in the 5-axis CNC programming.
Five-Axis CNC Grinding of the End-Mill Flutes
The solid carbide end-mills are complex in shape, especially, their flutes; and their two important parameters are the normal rake angle and the core radius. To grind the end-mill flutes with the specified core radius and normal rake angle, the selected grinding-wheel should be properly located and oriented (in terms of the end-mill) on the 5-axis CNC tool grinding machine. However, in current techniques, the wheel location is approximated, resulting in large deviation of the core radius. Therefore, it is necessary to accurately model the volume swept by the grinding-wheel in its 5-axis motions; and, with this model, the wheel location can be calculated to ensure the specified core radius after grinding.
Five-Axis Tool Grinding Machine and Standard
Grinding-Wheels. With development of 5-axis tool grinding machines, such as 5-axis WALTER and ANCA machines, solid carbide end-mills can be ground with higher accuracy and quality, compared to the conventional method of grinding tools. Particularly, the end-mill flutes have to be machined with the 5-axis CNC grinding since their geometry is quite complicated. shows the configuration of a general 5-axis tool grinding machine, and the machine coordinate system < M includes the X, Y, Z, A, and B axes. On this machine, the grinding-wheel can translate along the X, Y, and Z axes and rotate about the A and B axes simultaneously in order to machine complex geometries. In industry, there are many types of standard grinding-wheels, and they are often used in end-mill production. Figure 5 displays four standard grinding-wheels with their profiles. The selection of the proper grinding-wheel is based on experience.
Effective Grinding Edge of a Grinding-Wheel in Five-
Axis CNC Grinding. The main objective of CNC programming for the 5-axis flute grinding is to calculate the WOL in terms of the end-mill in the tool coordinate system. A kernel technique of the programming is to accurately and efficiently represent the geometry of the wheel swept volume in the 5-axis CNC grinding. Since the kinematics of the 5-axis grinding and milling are similar and the 5-axis milling has been under extensive research, it would be easier to describe the 5-axis flute grinding in comparison with the 5-axis milling. For the 5-axis milling, the orientation of the cutting tool can be simultaneously changed while the tool moving along preplanned paths in order to achieve better geometric match between the tool and the part local surface without local gouging and global interference. From the geometric point of view, the tool sweeps a complex volume, in which the stock material is removed; and the exterior surface of this volume, mathematically, is the envelope of the tool revolving surface at different locations in the 5-axis milling process. This envelope is called cutter swept surface. Actually, the cutter swept surface is composed of the effective cutting edges of the tool at different tool locations. The effective cutting edge of the tool at a location is defined as the silhouette boundary of the tool revolving surface in the tool velocity direction at this location (see Fig. 6 ). The effective cutting edge is different if the tool feed direction is changed. With the effective cutting edge, the cutter swept surface can be easily constructed, which is used to evaluate the 5-axis CNC tool paths. Basically, the geometric feature of the 5-axis flute grinding is similar to that of the 5-axis milling.
To ensure the specified core radius and rake angle of a flute, the flute has to be cut on a 5-axis tool grinding machine, and a standard grinding-wheel should be properly selected and then located and oriented. During machining, the grinding-wheel moves along the helical side cutting edge of the flute, sweeping an imaginary volume. In this work, the volume is called wheel swept volume, and any workpiece material inside the volume is removed. The geometry of the wheel swept volume can be represented by the envelope of the wheel surface at different locations during grinding; and at a wheel location, the envelope element is a curve, which is called the effective grinding edge in this work. An effective grinding edge is defined as a 3D curve on the wheel surface such that the surface normal on each point of the curve is perpendicular to the instantaneous wheel velocity at a wheel position. A wheel position refers to the wheel center location and the wheel axis direction in the tool coordinate system < T . Therefore, the wheel swept surface can be represented by finding the effective grinding edge of the wheel at any moment of the machining. Figure 7 shows a grinding-wheel cut between position 1 and position 2 in a 5-axis grinding process. In this cut, the effective grinding edges at the two locations are plotted, so is the wheel swept surface between the edges. Due to the complicated kinematics of the 5-axis grinding, the effective grinding edge is not simply the wheel profile; it varies according to the wheel moving directions at different positions, and it is often a 3D curve on the wheel surface. Therefore, the wheel swept surface could be quite complex in shape. In this 
CNC Programming for the 5-Axis Flute Grinding of the Cylindrical End-Mill
The objective of the CNC programming for the 5-axis flute grinding is to determine the grinding-wheel position, including the wheel location and orientation, and the wheel path prior to actual machining. Since the side cutting edges are the guides of the flutes of a cylindrical end-mill, they are used as the wheel paths. However, it is quite challenging to determine the wheel orientation and location in terms of the tool. Due to the tight prescribed tolerances of the core radius and the rake angle, the wheel location and orientation should be accurately calculated in the CNC programming. In other words, the specified core radius and the normal rake angle are the criteria for the CNC programming. In this section, the geometric models of grinding are established in order to determine the wheel position for the 5-axis flute grinding of a cylindrical end-mill.
Parametric Representation of a Standard Grinding-
Wheel. In industry, there are many types of standard grindingwheels, and they are often used to produce solid carbide end-mills since these wheels are cheaper compared to nonstandard grindingwheels. Figure 8 shows three standard grinding-wheels, which are often used to grind the flutes. Since the grinding-wheel in Fig. 8(b) is in the generic shape of the three wheels, the parametric equation of this wheel can be used to represent the other two wheels. Thus, the parametric equation is derived here. First, a wheel coordinate system < G ¼: ðO; X; Y; ZÞ is established; the axes are denoted with the capital letters. The origin O of < G is located on the right face of the grinding-wheel, and the Z-axis is aligned with the wheel axis and pointing to the left. The X-and Yaxes are on the right face and are perpendicular with each other. The parameters, R 0 ;t G ; a G ; and T, are labeled in the diagram. In this coordinate system, the parametric representation of the wheel is provided in the following:
where 0 v 2p
and p G ¼
4.2 Wheel Orientation Determination. Solid carbide endmills have different normal rake angles, and these end-mills are used to cut different metals. To machine a part of a specific metal, an appropriate rake angle can effectively reduce the cutting forces and the cutting edge temperature in optimal balance with the cutting edge strength and the tool life. To grind a rake face with a specified normal rake angle along its corresponding side cutting edge, the selected grinding-wheel should be properly oriented so that its lateral face always contacts with the rake face at any point on the side cutting edge. Thus, the geometric principle of grinding the rake face is that the unit normal of the rake face is in the opposite direction of the unit normal of the wheel lateral face. Based on this principle, the wheel axis direction can be found; this direction is the wheel orientation in the 5-axis grinding.
To establish the mathematical model of grinding the rake face, the geometric relationship between the grinding-wheel and the flute of the tool is illustrated in Fig. 9 . First, a point W u 0 ; v 0 ð Þon the wheel surface is chosen and is represented in the wheel coordinate system < G . Second, the surface normal N u 0 ; v 0 ð Þ at point W u 0 ; v 0 ð Þis found. Then, assuming the tool coordinate system < T is stationary, the grinding-wheel is reorientated so that the wheel surface normal N u 0 ; v 0 ð Þ is aligned with the rake face normal n h 0 ð Þ but in the opposite direction. Since N u 0 ; v 0 ð Þis represented in < G , it has to be transformed into the tool coordinate system < T . More specifically, to align N u 0 ; v 0 ð Þwith n h 0 ð Þ in the way aforementioned, three steps are proceeded in a consecutive way: (1) 
Therefore, the wheel surface normal is in the opposite direction of the rake face normal. Since they are represented in the tool coordinate system < T , the mathematical equation of grinding the rake face is
By using above equation, the two rotation angles, l and g, can be solved, and the grinding-wheel can be reorientated so that the normal rake angle of the rake face can be attained in the 5-axis fluting. By applying the above equations, the angles, l and g, of the wheel orientation can be explicitly expressed as
where
For angle g
and
or the angle g is
Thus, the orientation of the wheel axis is expressed as
By coinciding W u 0 ; v 0 ð Þwith point p c h 0 ð Þ ð Þat the cutting edge, the grinding-wheel location O in the tool coordinate system can be derived.
Mathematical Model of the Effective Grinding
Edge. At this point, the grinding-wheel location and orientation are obtained for any point p on the cutting edge in h domain. Thus, establishing a relationship between h and time t is required to represent the wheel location and orientation for real time grinding. This relationship can be expressed as
where dc dt is the feed f . Then
For cylindrical flat end-mill, the relationship can be derived and expressed as
tool coordinate system can be calculated using the aforementioned equations. Thus, the grinding-wheel surface W u; v ð Þ at any time t can be represented in the tool coordinate system as 
As mentioned before, the geometric principle of an effective grinding edge EGE at a side cutting edge point is that the unit normal at the grinding-wheel points are perpendicular to the feed direction of the grinding-wheel at a moment (Fig. 10) . In general, the EGE at a point c h ð Þ can be formulated as
By simplifying the above equation, the following equation is obtained as:
where 
The dot notation in Eq. (38) represents the time derivatives of the parameter.
If c= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi a 2 þ b 2 p 1, the following relationship of the EGE will be obtained:
Hence, at a side cutting edge point p: c h 0 ð Þ ð Þ, given a value of parameter u, the parameter v can be calculated. The pair of u and v represents a point of the EGE on the grinding-wheel.
Determination of the Wheel Location.
Generally, a cylindrical end-mill has a cylindrical core with radius of r C , and the core dimension should be ensured. In the above sections, a grindwheel point W u 0 ; v 0 ð Þ is assumed to contact with a side cutting edge point c h ð Þ. If the point W u 0 ; v 0 ð Þis changed, the flute shape will be changed and the core size will be changed accordingly. Thus, to ensure the core size, the point u 0 ; v 0 ð Þ should be determined so that the minimum distance between the tool axis and the EGE should be equal to the core radius. After the point is optimized, the grinding-wheel location can be calculated using Eq. (30). Therefore, the optimization model of finding the point u 0 ; v 0 ð Þis
This optimization problem can be solved easily. A conventional linear search method can be applied, and the details are not discussed here. With the calculated point u 0 ; v 0 ð Þand the side cutting edge point c h 0 ð Þ, the grinding-wheel location O T in the tool coordinate system can be found. Before machining the flute, the grinding-wheel orientation and location in the tool coordinate system are converted into the machine coordinate system with a post processor. Therefore, the CNC programming for the 5-axis grinding of a cylindrical end-mill flute is conducted.
Applications
To validate the new approach to automate and accurate CNC programming for the 5-axis flute grinding of the cylindrical endmills, three grinding-wheels are adopted and the CNC programming is conducted for machining a flute of a cylindrical end-mill. Then, machining simulation is carried out, and the solid models of the machined flutes are rendered for discussion. In Fig. 11 , the standard grinding-wheels are plotted with dimensions, and they are used to grind the flute in such a way that the tool rake angle and the core radius are ensured during machining.
For the flutes to be machined with the grinding-wheels, the main parameter values are listed in Table 1 . In this example, the grinding-wheels a, b, and c are used to machine the flutes in job 1, 2, and 3, respectively. By applying this approach, the CNC programming is conducted for the 5-axis grinding of the flutes. With the grinding-wheel position and path, each job of flute grinding is simulated, and the results are verified and discussed.
In job 1, the grinding-wheel (a) is used to machine the flute with the normal rake angle of 10 deg and the core radius of 12.5 mm. Using this approach, the orientation is calculated to ensure the normal rake angle; the angle l is 70.32 deg, and the angle g is 10.63 deg. Due to the cylindrical end-mill, the helical side cutting edge is the wheel path. To cut the first point of the side cutting edge, the wheel location is (69.72 mm, 14.48 mm, and À9.07 mm) in the tool coordinate system so that the core radius is To verify the CNC programming, a machining simulation is carried out, and the simulation results are shown in Fig. 12 . In the simulated tool model, the core radius is 12.5 mm, and the flute is tangent to the cylindrical core. At the same time, the normal rake angle is checked in the simulated tool model, and it is verified the same as the prescribed value.
To discuss the important relationship between the grindingwheel contact point and the core radius, points within the region of the grinding-wheel marked as thick line in Fig. 11 and bounded by u min u u max and 165 deg v 180 deg are taken as possible contact points. For each point, the machined core radius is evaluated, and the deviation between the actual core radius and the prescribed is the machining error. Figure 13 shows the relationship between the grinding-wheel contact point and the core radius. It is evident that there are a group of grinding-wheel contact points where the core radii are the same as the prescribed. In this work, the parameter v of the grinding-wheel is set as 180 deg, and the parameter u is optimized.
In job 2, the grinding-wheel (b) is used to machine the flute with the normal rake angle of 12 deg and the core radius of 12.5 mm. In CNC programming, the orientation is calculated as the angle l is 78.69 deg and the angle g is 42.67 deg. To cut the first point of the side cutting edge, the wheel location is (31.07 mm, 58.93 mm, and À1.06) in the tool coordinate system, and the parameters u 0 ; v 0 ð Þof the grinding-wheel contact point are (5.87 mm, 180 deg). To verify the CNC programming, a machining simulation is carried out, and the simulation results are shown in Fig. 14. In the simulated tool model, the core radius is Fig. 12 A cylindrical flat end-mill having accurate core radius ground using standard grindingwheel a Fig. 13 Contour plots of the core radii deviation errors for cylindrical end-mill ground in job 1 Fig. 11 Standard grinding-wheels used to grind the end-mill flutes 12.5 mm, and the flute is tangent to the cylindrical core. At the same time, the normal rake angle is checked in the simulated tool model, and it is verified the same as the prescribed value. In job 3, the grinding-wheel (c) is used to machine the flute with the normal rake angle of 20 deg and the core radius of 12.5 mm. In CNC programming, the orientation is calculated as the angle l is 75.08 deg and the angle g is 6.211 deg. To cut the first point of the side cutting edge, the wheel location is (62.49 mm, 9.52 mm, and 0 mm) in the tool coordinate system, and the parameters u 0 ; v 0 ð Þof the grinding-wheel contact point are (36.8 mm, 180 deg). To verify the CNC programming, a machining simulation is carried out, and the simulation results are shown in Fig. 15 . In the simulated tool model, the core radius is 12.5 mm, and the flute is tangent to the cylindrical core. At the same time, the normal rake angle is checked in the simulated tool model, and it is verified the same as the prescribed value. Having conducted simulation for the 5-axis flute grinding, the true 3D solid models of the flutes machined by using the different grinding-wheels are built. With the 3D models of the flutes, their performance in terms of chip breaking and evacuation can be evaluated in a better way, compared to the current methods, according to the engineers' experience. Therefore, this can greatly help the tool engineers choose the grinding-wheel geometry and the tool parameters.
Conclusions
A new approach to automate and accurate CNC programming for 5-axis grinding of the cylindrical end-mill flutes is proposed and verified. This approach is the first CNC programming method proposed for 5-axis flute grinding. In this work, a virtual curve on the grinding-wheel in 5-axis grinding-effective grinding edgeis proposed. Geometrically, the effective grinding edges are critical in determining the shapes of the tool features, and its closeform equations are derived. Subject to the prescribed normal rake angle, the equations of the grinding-wheel orientation is rendered. A mathemtical model is formulated to calculate the wheel location to ensure the prescribed core radius. This approach has laid a foundation for the CNC progamming of 5-axis tool grinding, and substantially improve the design and manufacturing of cylindrical end-mills. The futue development of this approach will focus on full control of the flutes shapes by controlling the grinding-wheel geomteric parameters and path during grinding, extend the approach to other end-mills, and build a gauging criteria able to determine the critical size of the grinding-wheel for gauging-free flute grinding.
